can change the nature of the relay but do not significantly alter the receptive field properties. The majority reaching thalamus, ascending and cortical, are branches of axons that innervate lower (motor) centers, so that come either from cortex or from the brain stem, and can act directly or through an inhibitory relay in the thalamic thalamocortical pathways can be viewed generally as monitors of ongoing motor instructions. In terms of reticular nucleus or thalamic interneurons. Most, possibly all, of the pathways that bring driving numbers, the thalamic relay is dominated by synapses that modulate the relay functions. One of the roles of afferents to the thalamus, whether from subcortical sites or from layer 5 of cortex, carry information that is also these modulatory pathways is to change the transfer of information through the thalamus, in accord with sent, by branching axons, to lower motor centers. That is, the information that the thalamus sends to cortex, current attentional demands. Other roles remain to be explored. These modulatory functions can be exboth first and higher order, represents a copy of instructions that are concurrently being sent to motor centers, pected to act on corticocortical communication in addition to their action on ascending pathways. so that thalamocortical pathways can be viewed as monitors of motor instructions, rather than simple relays in sensory systems. . We propose that transthalamic corticocortical itself. We here look at this problem in relation to the connectional organization of the visual relays in the thalpathways play a crucial role. All areas of neocortex receive afferents from the thalamus. Where, as in the priamus. We first look more closely at the distinction between drivers and modulators, describing how each mary visual cortex (e.g., Hubel and Wiesel, 1977), cortical function has been most closely studied, the receptive group is characterized in terms of its structure and synaptic connections in the thalamus. This provides the field properties of cortical cells depend on this thalamic input, which can, therefore, be regarded as the "driver" basis on which we can compare first and higher order relays, showing that the driver inputs to higher order input (Sherman and Guillery, 1998, 2001). That is, the basic information for the neural computations in these relays come from the cortex. We then explore the functional organization of thalamic connections, focusing cortical areas is carried in the thalamic afferents. This is so even though these afferents represent only a small first on the lateral geniculate nucleus, which is the best studied first order relay in the thalamus, and then, using percentage of all of the synaptic inputs to the cortical 
Figure 1. Schematic View of Triadic Circuits in a Glomerulus of the Lateral Geniculate Nucleus in the Cat
The arrows indicate presynaptic to postsynaptic directions. The question marks postsynaptic to the dendritic terminals of interneurons indicate that it is not clear whether or not metabotropic (GABA B ) receptors exist there.
identifying which of its inputs are drivers and which are been identified, these driving inputs, whether to first or higher order thalamic relays, are glutamatergic (Shermodulators (Sherman and Guillery, 1998) . In first order thalamic relays, the driving afferents are readily recogman and Guillery, 2001). Most tellingly, for the view that these act as drivers in the thalamus, they not only share nized by their light and electron microscopic appearance.
all of the major features of the ascending drivers but, as summarized below, where their action has been tested, General Features of Drivers Golgi preparations, injections into single axons of axothey differ from modulators because when they are silenced, the receptive field properties of the higher order nally transported markers, and electron microscopic studies have shown that the drivers in first order nuclei thalamic relays are lost (Bender 1981; Diamond et al., 1992). have relatively large synaptic terminals with a characteristic fine structural appearance, resembling the mossy Recent studies have shown a few corticothalamic axons from layer 5, having the appearance of drivers, going axon terminals of the cerebellum. They make multiple complex contacts with dendrites of relay cells and into nuclei that also receive ascending afferents, and this suggests that there are regions of the thalamus where terneurons, often forming a characteristic "triadic" junction described below (see Figure 1) , and these are comfirst and higher order relays are likely to be intermingled (Rouiller et al., 1998 ; Darian-Smith et al., 1999; Kakei et monly in a zone that lacks astrocytic processes but is surrounded by sheets of astrocytic cytoplasm. Because al., 2001), and for this reason we refer to first and higher order "relays" rather than "nuclei." The tectal recipient of their resemblance to the glomeruli of the cerebellum, these zones have also been called "glomeruli," and they zone of the pulvinar may prove to be another such mixed relay; reports concerning the fine structural appearance give thalamic nuclei a distinct appearance. We recognize these afferents as driving afferents because they of the tectal afferents have varied (Mathers, 1971 . That is, they are sending to the thalamus (and through the thalamus to the cortex) copies of messages cortex. The structure and synaptic relationships of these corticothalamic terminals have been demonstrated by that are going to lower centers; generally these are centers concerned with motor control, although a precise electron microscopy for axons arising in somatosensory cortex (Hoogland et al., 1991) tion from the brain stem, from the thalamic reticular nucleus, and, to a greater or lesser extent, from local interneurons; these can all be regarded as modulators that characterize the layer 6 cells (Gilbert, 1977; Gilbert ). Further, all thalamic relays and Wiesel, 1985; Sherman, 1985) . This is in contrast to receive a layer 6 modulatory input from cortex (only the higher order relays that receive layer 5 afferents, where higher order relays receive a driver input from layer 5).
cortical inactivation produces a complete loss of re- Figure 2 shows the major modulatory pathways scheceptive fields (Bender, 1983; Diamond et al., 1992) , and matically and also shows the transmitters (and recepwhere receptive field properties often resemble those tors) used: cortical inputs are glutamatergic; the thalain the cortical areas that give rise to the layer 5 afferents mic reticular and interneuronal inputs are GABAergic; (Chalupa and Abramson, 1989; Casanova, 1993 In the cat, the pulvinar region receives afferents from so far as we understand the lateral geniculate relay, other cortical areas as well, and a "line of projection," our knowledge depends on tracing specific pathways representing a small part of the visual field, goes through having specific functional properties from localized reseveral zones that are distinguishable in terms of their gions of the retina through localized regions of the thalacortical inputs ( knowledge of the pattern of projection of the thalamic Since Updyke's studies used tritiated amino acids to relay cells to cortex. We know that these parts of the trace corticothalamic pathways, they did not differentithalamus send axons to several higher visual cortical ate between layer 5 (driver) and layer 6 (modulator) afferareas, but at present we are entirely unable to relate the ents. Some evidence about the distribution of these pattern of the mingled corticothalamic driver inputs to afferents is now becoming available from experiments the pattern of the thalamocortical outputs. Finally, we that allow us to distinguish the corticothalamic drivers need to know the extent to which the corticothalamic from the corticothalamic modulators (Bourassa and axons that project from the pulvinar region to higher Deschê nes, 1995; Vidnyá nszky et al., 1996; Guillery et al., 2001), and these show that the drivers have very well cortical areas serve these areas as primary drivers, and To compare burst and tonic firing, the firing frequency was determined by the first six action potentials of the response, since this cell usually exhibited six action potentials per burst in this experiment. The initial holding potentials are shown. When in tonic mode, because the initial potentials were depolarizing (Ϫ47 and Ϫ59 mV), the input-output relationship is fairly linear. When in burst mode, because the initial potentials were hyperpolarizing (Ϫ77 and Ϫ83 mV), the input-output relationship is quite nonlinear and approximates a step function. (D) and (E) show some differences for geniculate neurons in the cat between tonic and burst modes during both spontaneous activity as well as responses to visual stimuli recorded in vivo. The visual stimulus was a drifting, sinewave grating, and the resultant contrast changes over the receptive field are shown below the histograms. Current injected through the intracellular recording electrode was used to bias membrane potential to more depolarized (Ϫ65 mV), producing tonic firing, or more hyperpolarized (Ϫ75 mV), producing burst firing. The responses are shown as average response histograms. The upper histograms show spontaneous activity when the grating stimulus was removed (or, more precisely, its contrast reduced to zero), and the lower histograms show the averaged response to four cycles of the grating drifted through the receptive field. During tonic firing (D), the spontaneous activity is relatively high, and the response to the grating has a distinctly sinusoidal profile. During burst firing (E), the spontaneous activity is relatively low, and the response to the grating no longer has a sinusoidal profile. the extent to which they interact with the closely related properties, various "leak" conductances, and dynamic ionic channels, mostly gated by membrane voltage. corticocortical pathways.
For the lateral geniculate nucleus, we can understand Most are common to neurons in many other parts of the brain and will not be considered here (for details, see some of the basic ground rules that govern the organization of the pathway from the retina to the cortex. For Sherman and Guillery, 2001 Figure 3B) . Guillery, 1998). Conversely, because modulator inputs can activate Switching between the tonic and the burst firing modes requires a change in membrane potential: depometabotropic receptors, they can produce sustained (i.e., Ͼ100 ms) changes in membrane potential, leading larization switches the cell from burst to tonic mode by inactivating I T , and hyperpolarization does the opposite to sustained changes in excitability of relay cells. Furthermore, changes in membrane potential must be susby de-inactivating I T . However, the switch is a complex function of voltage and time since the inactivation and tained for Ͼ50-100 ms to change the inactivation state of I T and thus change the relay cell's firing mode between de-inactivation requires that the change in membrane polarization last Ն50-100 ms. Both firing modes occur burst and tonic, and metabotropic receptor activation seems ideally suited for this. Indeed, there is evidence during wakefulness, and these modes have important implications for relay functions (2000) showed that ing retinal activity would lead to relatively increased the retinal innervation of the inhibitory interneuron termiinhibition through the triad should not apply via the axonal involves a metabotropic glutamate receptor (type 5), nal outputs of interneurons. activation of which increases GABA release from the interneuronal terminal. In contrast, in the brain stem
Proposed Role of the Thalamus triad, the parabrachial innervation involves a muscarinic
Significance of a Thalamic Relay (M2) receptor, activation of which decreases GABA re-A key question about thalamocortical relationships is: lease. Three consequences are suggested here, alwhy does retinal input not project directly to cortex, or, though many more can be imagined, and none has yet why do we have thalamic relays at all? While we cannot been empirically tested. First, for the retinal triad, the yet completely answer this question, a consideration of innervation and receptor patterns suggest that retinal the complex cell and circuit properties in the lateral activation will produce monosynaptic EPSPs followed geniculate nucleus points to some important relay funcby disynaptic IPSPs in the relay cell. However, given the tions. As already noted, the facts that relay cells can requirement noted above for higher afferent firing rates respond in two modes, burst and tonic, and that these to activate metabotropic receptors, one can imagine modes have important implications for the nature of that the disynaptic inhibition grows relatively stronger information relayed indicate at least one important role with increasing retinal activation. Since increasing stimfor the geniculate relay and for the modulatory input ulus contrast will increase retinal firing rates, this sugthat controls response mode. gests that the effect of increasing contrast is to reduce However, this is probably just the tip of the iceberg, contrast sensitivity, which suggests a form of contrast and it seems likely that, as we learn more about funcgain control, a process heretofore thought to be strictly tional cell and circuit properties, we shall appreciate cortical in origin (e.g., Ohzawa These other currents, like I T , tend to have relatively slow period of strong retinal activation, the disynaptic IPSP time constants for their voltage control, which suggests would continue to be present hundreds of ms after the that the modulatory inputs and their activation of metamonosynaptic EPSPs faded away, and this could have botropic receptors might prove key to their action, as significant effects on control of response mode. That seems to be the case with I T . Also, in addition to control is, after cessation of a strong retinal input, the persistent of voltage-gated conductances, active thalamic circuits inhibition kept active by the triad could hyperpolarize represent the summing of excitatory and inhibitory inthe relay cell, switching it to burst mode, so that it will puts to relay cells, and the balance of these will affect burst in response to the next retinal input. Third, the the overall excitability of these cells to their driver inputs. parabrachial triad seems to work differently in that relaWe are far from understanding the full range of relay tively high firing rates in the parabrachial afferent will properties affected by the cell and circuit properties of reduce any background GABA release from the inthe lateral geniculate nucleus. Although we need to learn terneuron terminal, resulting in a form of disinhibition much more, one thing is clear: the lateral geniculate for the relay cell.
nucleus does not simply perform a trivial, machine-like There are some interesting possibilities for differential thalamic processing for X and Y cells that would also passing on of retinal inputs and it is reasonable to extend this to all thalamic relays. The role of modulatory afferents to thalamus in the control of messages that reach cortex needs exploration not just for first order relays, where we can understand that the thalamic relay influences the sensory messages that reach cortex at any one time, but also for higher order relays, where we must regard the thalamic relay as acting on the messages that pass from one cortical area to another. The nature of this action in the higher order relays is likely to represent a critical difference between the direct and the transthalamic corticocortical pathways in the way that information is passed from one cortical area to another.
First and Higher Order Thalamic Relays
Observations of the two distinct types of corticothalamic afferent lead to two conclusions basic for understanding the functional nature of corticocortical pathways. One, introduced above, is that information passed from the thalamus to any one cortical area is subject both in first and in higher order relays to modulatory influences. Some come from that same cortical area, and others (not shown in Figure 2 ) come from other cortical areas, from the brain stem, the thalamic reticular nucleus, and from interneurons. The other conclusion, and the more important one from the point of view of this review, is that there are thalamic relays that serve to transmit information from one cortical area to another, and that shown in Figure 5 . Here, the emphasis for information This is a crucial point. The cortical processing suggested by Figure 4 would proceed with no reference to transfer is not on the direct corticocortical pathways, but rect corticocortical and transthalamic, is undefined at present. If the transthalamic pathway can be regarded as a significant input to higher cortical areas, then knowledge about the functional properties of the layer 5 cortical cells that provide driver input will prove crucial for understanding the functions of the higher cortical areas that receive this information through the thalamus. Since these layer 5 cells also provide the pathway for the executive output (to lower centers) of the prethalamic cortical area, one should expect to find a clear functional link between the instructions that a cortical area is sending to brain stem centers and the messages that are passed through the thalamus to higher cortical areas for further processing. Understanding the roles of the direct and the transthalamic corticocortical pathways will depend on two types of information, neither of which is available at present. One is the extent to which either serves as a driver or modulator. The other is the nature of the cortical activity represented by the cortical cells that give rise to one or the other of these two pathways. We know of no evidence that establishes whether the corticocortical axons are drivers or modulators. One reason why the past focus has been on direct ity of inputs to cortex, as to thalamic relay nuclei, are modulators. Were one to consider large numbers of afferents as critical for defining drivers, one would not rather on cortico-thalamo-cortical pathways involving treat the lateral geniculate nucleus as a visual relay, the higher order thalamic relays, which would appear to play ventral posterior nucleus as a somatosensory relay, or an important role in providing one cortical area with the medial geniculate nucleus as an auditory relay: for information about the current outputs of another area.
instance, based on numbers, one might conclude that The higher order relays in primates are significantly the lateral geniculate nucleus relayed information to corlarger than the first order relays, and within the visual tex from parabrachial inputs in the brainstem. With this system, the pulvinar region sends afferents to many in mind, we suggest that the pattern of information flow and probably all of the higher visual cortical areas. This among visual cortical areas needs to be reconsidered, component of corticocortical processing involving the allowing a much larger role for higher order thalamic transthalamic route must have functional consequences. relays than in current interpretations. The hypothesis Whatever the nature of the messages that the pulvinar that the transthalamic route is a major, possibly even region sends to cortex, they must play some role in the only, driver route for corticocortical communication defining the function of the recipient cortical areas.
is useful because it points to the need for an identificaThese messages can bring information about current tion of drivers and modulators in cortical circuitry. It outputs via long, descending pathways that other cortialso focuses on the possibility that the thalamic gate, cal areas are sending to the brain stem, and this is in controlled by a complex population of modulatory pathcontrast to the known direct corticocortical pathways, ways, may play a crucial role in controlling the messages which would appear to be communicating some stages that pass from one cortical area to another. of ongoing cortical processing that stays strictly within To put the role of the transthalamic pathways into the cortex. It has to be stressed that, for the cortical areas clearest possible relief, it is worth looking at the extreme that are most clearly understood in terms of their func-(but perhaps unlikely) possibility that all direct corticotional properties, such as V1 or S1, the information procortical pathways are modulatory. Such a view would cessing that has so far been most successfully analyzed force a focus on the function of the higher order transhas been shown to depend entirely on the thalamic thalamic pathways and may well reveal that these pathinputs. There is no a priori reason, nor do we know of ways can establish all of the information needed for any experimental evidence, to suggest that other corticorticocortical communication. Part of the logic of this cal areas are less dependent on their thalamic inputs. idea is that it implies that all major driving inputs entering a cortical area must be relayed by thalamus, with all of The relative importance of the two pathways, the di-the advantages implied above for having thalamic relays These observations raise a number of questions about in the first place. the thalamocortical pathways that merit experimental It is also worth noting that, even if many of the direct attention: corticocortical pathways prove to be drivers, there are
• What are the varieties of modulatory action that can two important differences between this route of informaact on thalamic relays, and how do they change the tion flow and the transthalamic one. First, as just noted, nature of thalamic transmission? the direct corticocortical route has no thalamic "screen-
• What is the relationship between the direct corticocoring" imposed. The transthalamic pathways are subject tical pathways and the transthalamic corticocortical to the many modulatory afferents that supply the thalapathways? Are both acting as drivers of cortical cells, mus. The modulatory role of the thalamic relay is imporor does only one have this action? What is the nature tant in "gating" information through first order relays of the interaction of these two pathways in the cortex? and is likely to play a significant role in modulating the Which of the direct corticocortical pathways repreinputs that any area of cortex receives (Sherman and sent driver inputs, and which modulator inputs? Guillery, 1998, 2001). Second, any messages involving
• For the drivers that innervate the thalamus, what is the direct corticocortical routes are confined to cortex, the nature of the termination, synaptic relationships, whereas those passing via higher order thalamic relays and actions of the branches innervating motor cenare also sent, via branching axons from the layer 5 neuters? How does this information relate to the nature rons, to lower brain centers concerned chiefly with moof the messages that are passing through the transtor control. That is, they are transmitting information thalamic pathways to higher cortical areas? about the outputs that cortex is currently sending to
• Where two parallel driver afferents, either cortical or lower centers.
subcortical, innervate the same local region of the thalamus, is there significant functional interaction of Conclusions and Some Outstanding Questions these two pathways? That is, are there thalamic relay We have described driver and modulator afferents to cells that have integrative, not just relay, functions in the thalamus on the basis of their structure, synaptic information transfer to cortex? relationships, and, where known, their actions. The driv-
• What are the rules (if any) that govern the way in which ers, which carry the information that is transmitted to modulatory corticothalamic axons from layer 6 of a cortex, establish only a small proportion of all thalamic cortical column relate to corticothalamic drivers comsynapses; the great majority of thalamic synapses are ing from layer 5 of the same column? made by modulators, which change the nature of thala-
• Do all cortical areas have a layer 5 thalamic driver mic transmission, without significantly affecting the naoutput? Do all have a layer 6 thalamic modulator ture of the information that is being transmitted. We output? have shown that the modulators can change the relay • How is the pulvinar region, or any other higher thalamode of thalamic cells between burst and tonic, and mic relay, mapped: (1) with respect to cortical areas have argued that there are likely to be other actions by to which it projects; and (2) relative to the cortical means of which the modulators can modify the way in regions from which it receives a layer 5 input? which information is transferred through the thalamic
• If a large part of the thalamus can be viewed as providrelay. These remain to be experimentally defined.
ing links in communications among higher cortical There are two important observations of the thalamic afferents that can, for reasons we have outlined, reasonareas, should clinical signs of thalamic dysfunction ably be regarded as drivers. First, in addition to the be analyzed in terms of cortical functions, and not of classically recognized ascending afferents carrying senthalamic functions per se? sory information to cortex, there are many drivers that innervated by branches of axons) that are going to motor centers. These observations lead us to conclude that
